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FOREWORD 

This report was prepared by George Don McTaggart. Tracv A. 
Wilmore ar*3 Dwight G„ Bennett at the University of Illinois in 
the Department of Ceramic Engineering. It summarizes work done 
on the development of metal bonded zirconium diborides. 

The work was done under Air Force Contract Ho. W33(038) 
ac-l*«520 identified by Research and Development Order No. 506-67, 
Ceramic Components for Aircraft Power Plant, administered by the 
Power Plant Laboratory, Directorate of Laboratories., Wright Air 
Development Center, Mr, B. L. Paris acting as project engineer. 
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ABSTRACT 

Zirconium diboride powders from two producers were combined 
with 20$ by weight of either coba.lt, chromium, nickel, or a mix- 
ture of cobalt plus chromium. Compacts and bars were formed using 
the techniques of powder metallurgy and fired in ar argon atmos- 
phere at temperatures exceeding the melting point of the metals. 
A discussion of the phases present before and after firing, as 
determined by X-ray techniques, is presented.  Photomicrographs 
showing fired porosity and microstructure of the specimens are 
discussed.  Modulus of rupture determinations and tests for oxi- 
dation resistance at 2000°F were made. The mixtures tested were 
fcund to have only moderate strength. Their oxidation resistance 
was too low for them to be considered for use at 2000°F in oxi- 
dizing atmospheres. 

PUBLICATION REVTEW 
I 
I 

The publication of this report does not constitute approval 
! by the Air Force of the findings or the conclusions contained 
I therein. It is published only for the exchange and stimul .tion 
I of ideas. 

FOR THE COMMANDER: 

\ N6»IAN C. APPOLD^^* 
Colonel, USAF 
Chief, Power Plant Laboratory 
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MCXAL U'JmJtlD  ZIRCONIUM DIBORIDE 

I.  INTRODUCTION 

The exacting requirements of the materials suitable for 
components of modern flight propulsion units have been set 
forth (Ref. 1, 2, and 3) in tho literature many times. This 
investigation was actuated to study bodies composed of zirconium 
diboride bonded with various metals in order to determine whether 
or not the properties of such bodies would allow their being con- 
sidered for use as materials for components of flight propulsion 
units. 

II.  DISCUSSION OF THE PROBLEM 

1. Literature Review 

Bodies of boron-bonded zirconium diboride have been reported 
(Ref. h)  to have outstanding high temperature strength, oxidation 
resistance and thermal shock resistance. Such bodies, however, 
were found (Ref. 5) to be unsuitable for use r.s gas turbine blades 
in Jet engine application. Their brittleness and associated lack 
of impact strength proved to be the cause of failure. 

One investigation (Ref. 6) revealed the formation of complex 
borides by the reaction of transition metals of the iron group 
with "zirconium boride" or with any boride of the metals of the 
IV, V, and VI group. In that investigation, attempts to bond 
zirconium diboride with metallic materials more ductile than boron 
were unsuccessful. 

Bodies composed of zirconium diboride bonded with nickel and 
cobalt have been compounded (Ref. 6 and 7). While all of these 

': bodies exhibited low modulus of rupture strengths and poor resis- 
tance to oxidation, the ones bonded with cobalt and formed into 

5 rocket nozzles were reported to perform outstandingly well. 
I 

2. Selection and Properties of Materials 
i 
i    ' 

I Zirconium diboride was selected as the base ingredient for 
I the experimental cermets because when hot pressed without addi- 

tives, it was reported to have good high temperature strength, 
| oxidation resistance and thermal shock resistance. 
] 
\ Considerable information is available on the system Zr-B as 

the result of the work of Glaser and Post (Ref. 8), Norton, Blu- 
menthal and Sindeband (Ref, 9) and Kiessling (Ref. 10). Zirco- 
nium diboride is an inters, citial compoi r.d xi&ving a simple hexagonal 

; structure of the C32 type. The aforementioned authors are in very 
close agreement on the lattice constants and density of zirconium 
diboride. The lattice constants a0 and c0 are given as 3•170A 

i 
i 

\    y 
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and 3»533& respectively, rhe ratio c/a is given as 1.11. The 
density of zirconium diboride is given as 6.09g/cc and its melting 
point as 304O°C. 

Glaser and Post (Ref. 8) have proposed, and present evidence 
lor, the existence of three compounds in the system Zr-B. These 
are zirconium diboride (ZrB2>» zirconium monoboride (ZrB), and 
zirconium dodecaboride (ZrB125' Ot  these compounds, only ZrB2 is 
reported to be stable in the presence of carbon. ZrB reacts with 
carbon to form ZrB2 and ZrC (zirconium carbide), while ZrB]? 
reacts with carbon to form ZrB5 plus a boron-carbide phase iRef. 
8). 

Zirconium diboride has been found (Ref. 11) to be stable in 
the presence of nitrogen up to 10;>0°C. 

Thermal analyses of zirconium diboride powders shew (Ref. 12) 
a strong exothermic reaction at 625'C. 

The selection of the bonding metals listed below was based 
on melting point, oxidation products, ductility, availability and 
on the results of previous investigations. 

M.P. Density       Crystal 
Mej£l      «F, g/cc        Structure 

Co 2723 8.90        FCC   a0 3.55^A 

Ni 2650 8.90        FCC   a0 3.5168A 

Cr        3270 +90       7.19        BCC   an 2.87961 
! 

Melting points and densities are from the Metals Handbook. 
American Society for Metals, (19**8); Crystal structure data 

.       are from Wyckoff*3 Crystal Structures. Volume I, Interscience 
\ Publishers., New York, New York. 
r 

K 

I III. Experimental Procedure 

I All boride and metal powders used in this investigation 
were commercial products. Chemical analyses and particle size 
of the powders as received from the producers ar* listed in 

I       Table I. 
• 

In the initial phases of the study, Norton Co. zirconium 
.;.    diboride (ZrBO with an initial particle size of *+0 microns and 

I       finer was further reduced by milling it for 50 hours in a tune- 
s       sten carbide mill. Tungsten carbide balls were used as the 

grinding media and methanol as the mill licuid. 
!     f- i 

The slurry from the mill was transferred to a clean container 

1 
I 
1 

and allowed to stand in air until the methanol had evaporated. 
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This produced a cak* which was ground in an agate mortar to pass 
a Vo mesh screen.  The resulting powder was then used as a stand- 
ard source of milled Norton Co* ZrB?. 

The milling operation required close supervision since thsre 
appeared to be a reaction between the methanol and the ZrB2.  Such 
high pressures were produced that it was necessary to vent the 
mill periodically in order to prevent its end plates from being 
dislodged. The end product was assumed to be either trimethyl- 
borine (CH^B (Ref. 13) or methyl borate (CH-j^B^ (Ref. 14). 
In spite or this evidence of reaction no undesirable effect on 
the ZrB2 could be detected. 

lii view of the apparent reaction noted, benzene was tried as 
a mill liquid.  It seemed to be quite inert to the ZrBp but the 
fired body produced from the milled material was considerably less 
resistant to oxidation than those prepared with methanol. The use 
of methanol was therefore continued. 

The first experimental bodies (D-l through D-7) were pre- 
pared by combining the proper amounts of the minus Ho mesh dibor- 
ide and minus 300 mesh cobalt metal powders in an agate mortar, 
adding benzene to facilitate mixing and then mixing-grinding until 
the benzene had evaporated- The dry mixture was passed through a 
WO mesh screen. Cylindrical specimens one-half inch in diameter 
and approximately three-eighths inch high were then made by dry 
pressing in a hardened steel moid to $0,000 psi. 

i 

{ The expositions of all bodies and pertinent data with regard 
.' to their batch mixing are given in Table II. 
I 

The cylindrical specimens were fired in dried, oxygen-free 
argon in a tungsten resistance furnace., The heating element is 

i in the form of a helical coil constructed to surround the specimen, 
i A photograph of the furnace assembly is shown in Figure 1. 

1 £ 
i 

The specimens were brought up to the maximum firing tempera- 
ture shown in Table III, in about*one-half hour, held at tempera- 
ture for one-half hour and then allowed to cool with the Furnace. 

Each fired cylinder was cut in half with a diamond saw. 
One half was retained to be mounted for microscopic examination, 
if such was warranted, and the other was crushed and ground to 
pass a 20C mesh screen. Powders so prepared were then x-rayed 
»=ith a Norelco Geiger Counter X-ray Spectrometer equipped with an 
iron tube. The resulting x-ray patterns were analyzed to deter- 

| mine if reactions had occurred between constituents or if any 
other signs of thermal alteration could be detected; Identifi- 
cation of the phases present was made by comparison of the inter- 
planar ("d") spacings with those recorded in the ASTM index or 
!>y comparison with patterns made of the sepcrate constituents 
prior to firing. 
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In the initial test, body No. D-l composed of 80 weight 
per cent of Norton Co. 2rB2 and 20 per cent of cobalt was investi- 
gated. When it was fired In argon at temperatures up to 3200°F 
a hard strong body with only moderate shrinkage, expressed as 
per cent of the unfired dimension, resulted. The evident tendency 
of the body D-l to develop a sound fired structure was encouraging 
but x-ray studies introduced some complications. The patterns 
showed the presence of zirconium carbide and some unidentified 
phases which might have been due to alteration of the bonding 
metal. 

In attempting to properly interpret such results certain 
known factors were considered^ The ZrB"* used (cf Table I) 
contains about 0.5 per cent of free carbon. After synthesis, the 
ZrBo was reduced in size by the manufacturer to 325 mesh by 
grinding it in mills employing boron carbide balls. The presence 
of Bi^C in the "as received" material waj apparently substantiated 
by a peak in the x-ray pattern which corresponded to the principal 
line cf Bt|C. Both BtyC and carbon are undesirable in diboride- 
base cermets because the binder metals would react with any Bi+C 
and to * lesser extent with carbon to form metal borides and 
carbides. 

Attempts were made to eliminate B^C and free carbon from 
the Norton Co. ZrB2 by additions of either 5 or 10 per cent of 
zirconium metal powder.  It was thought that the Zr might react 
with any BuC or carbon in the mixture to form ZrB2 and ZrC. Such 

I        batches, with Zr additions, were pressed into compacts which were 
\ fired at 3UO0°F in argon. This "pre-reacted" material was crushed 
j        and ground to minus 325 mesh. The powder was mixed with 20 per 
}        cent by weight of minus 300 mesh cobalt and cylinders pressed 

froia the resulting mixture. When fired at 3*tO0°F these specimens 
ware weak and porous. Their x-ray patterns showed appreciable 
quantities pf zirconia (Zr02) to be present. The peak correspond- 

'        ing to 2.38A also persisted which was a strong indication that it 
was not due to BkC as was initially thought to be possible. Zirco- 
n±\xm hydride (ZrH2) was substituted for Zr in body D-7b in an 

|        attempt to remove any oxygen present during firing but no improve- 
\ ment in the fired bodies could be noted. 
I , 

Since attempts to improve Norton Co. ZrB2 with zirconium 
were unsuccessful, some means of purification were sought. Since 

• iron was known to be present, the milled ZrB2 was leached with 
1QJ5 acetic acid and then washed with distilled water and methanol 

i to remove it, and, it was hoped, any other metallic contaminants. 

Cylinders prepared from body D-7 (80# processed Zr32 and 
20$ Co) were fired at temperatures comparable to those used for 
body D-l in which unleached ZrBo was used. Some improvement in 
both fired structure and density was noted. 

All mixing of metal powders and ZrB2 had been done by hand 
up to this time- To investigate the affects of more intimate 
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mixing, tbft coapcnsnts of tody D-7a (.80%  acid loaehad ZrBo- 
20# Co) were milled together for 20 hours in methanol in the 
tungsten carbide mill. Fired specimens of this body shoved 
appreciable improvement in structure when compared to body D-7. 
Although the powders must have been reduced somewhat in particle 
size during the additional milling time, the improvements noted 
were believed to be largely due to the more intimate mixing 
obtained. Since 20 hours of mixing by ball milling was found to 
be definitely beneficial, it was later practiced in the fabri- 
cation of bars to be used for physical property determinations. 

In view of the results described abovv*, Norton Co. ZrB2 
was used in additional bodies containing either nickel or 
chromium as the binder metal (Bodies D-9a and D-ll respectively). 
The ZrB2 which had been reduced in particle size by 50 hours of 
milling in methanol and then acid leached was intimately mixed 
with the selected binder metal by 20 hours of milling. The bodies 
so prepared and then fired were found to have good sound structures. 
This work plus that done on cobalt bearing bodies established the 
proper techniques to use with Norton Co. 7rB2 and also the 
approximate firing ranges of the various metal - ZrB2 combinations. 

Because of the relatively low purity of Norton Co. ZrB2, a 
sanple of "high purity" ZrB2 had been obtained from the American 
Electro Metals Corporation, Yonkers, New York.  Experimentation 
with this material was begun at this time. 

I The information obtained from the foregoing experiments 
! concerning fabricating and firing techniques made it feasible to 

convert from a cylindrical to  a bar type specimen from which more 
I useful information could be obtained. Body preparation and 

forming techniques were also standardized. 

i Norton Co. ZrB2 was prepared by subjecting the 
ma.s  received" 

material to a 50 hour grind in methanol in the tungsten carbide 
mill. The dried, milled powder was leached with 10# acetic acid 

t and then subjected to two washings, first with distilled water 
f and then with methanol. The American Electro Metal ZrB? was 

neither subjected to the 50 hour grind nor the acid leaching 
since it had a nominal average particle size of 2-k- microns 
and was reported to be quite pure as received. 

I   I 

i 
I 

i 

Body mixtures containing ZrB2 from either of the vendors 
noted were proportioned by weight and mixed by 20 hours of milling 
in methp.nol in the tungsten carbide mill. The resulting slurries* 
were dried in air and then granulated through a Uo mesh screen. 
To facilitate the forming of the bars, five per cent by weight 
of Carbowax W000 was added as a lubricant. The wax w£3 dissolved 
in hot benzene and the solution added to the dry body. The 
mixture was stirred in an agate mortar until the benzene had 
evaporated. It was then granulated through a Wo mesh screen 

The granulated material was pressed at 30r000 psi to a 
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thickness of about 0.25 inch in a hardened steel mold with 
inside dimensions of 2.96 in. by O.Wo In. Since considerable 
difficulty was experienced with pressure cracks in the pressed 
bars, a change was made to hydrostatic pressing. This eliminated 
pressure cracking.  In hydrostatic pressing, the bars were "pre- 
formed" by pressing the powders at 5000 psi. They were then 
encased in thin-walled rubber cylinders and subjected to a pres- 
sure of WO,000 psi in a hydrostatic pressing chamber containing 
glycerine. 

Adequate dewaxing was accomplished in a circulating atmo- 
sphere of argon in a small electric furnace that was specially 
constructed for such purposes. The furnace was slowly brought 
up to a maximum temperature of 5/5*^ and held there fof about 
two hours. 

Each dewaxed bar was cut in half with a hack saw to form two 
bars about 1 3/8 inches in length. These bars were fired in the 
tungsten resistance furnace shown in Figure 2. The heating ele- 
ment consists of 32 tungsten rods 0.065 inch in diameter and lh 
inches long, hanging vertically and so arranged as to enclose a 
heating chamber 2 in x 3.5 in x 12.5 in deep- 

One half of the rods are suspended from each of two water 
cooled copper electrodes, inese two groups of rods are connected 
at the bottom by a molybdenum "shorting" rin? to form a paraliel- 
ueries circuit. The element, assembled as described, is enclosed 
within two concentric, cylindrical molybdenum disks. Power is 
supplied to the furnace through a bank of three transformers 
rated at 30 KW at 20.5 volts which can be connected in several 
ways through a series of switches to give five coarse voltage 
control steps. Fine "ontrol in each step is obtained with a 220 
volt variac transformer. The primary voltage to the transformers 
is 220 volts and by the means described above the secondary 

( voltage can be varied continuously from 0.0 to 20.5 volts. 
I 
I ice specimens, during firing, were located in the center of 

the chamber on a graphite block suspended by four graphite rods. 
| zirconium diboride (ZrBg) and zirconla (ZrOo) powders were used 

to separate the bars from the graphite block. Zirconla was the 
more satisfactory as the binder metals in the cermets would wet 
the powdered ZrB2 and cause it to stick to the bars. The temper- 
ature was measured by sighting an optical pyrometer on the speci- 

I men through a glass prism located on top of the furnace shell. 
No corrections were mads for absorption by the prism or for 

;  • I      variations in emisslvity* 
5 A mechanical pump was used to evacuate the furnace chamber 

to a pressure of 100 microns of mercury or- less. Dried, oxygen- 
free argon was then introduced into the furnace until the pressure 
in the chamber slightly exceeded eight cm of mercury above atmo- 
spheric pressure. At this pressure the argon circulated through 
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the system and escaped through a column of mercury. After 
flushing the system for about five scutes, the argon was cut off 
and the furnace evacuated again. Argon was then readmitted to 
the furnace and allowed to circulate for the first five minutes 
of the firing cycle. Thereafter the argon was cut off and firing 
proceeded in a static argon atmosphere at a pressure of eight cm 
of mercury above atmospheric pressure. 

Initially, a firing schedule of two hours was used.  In this 
case the heating was too rapid and some of the specimens cracked 
badly. When the time taken to reach maximum temperature was 
increased to five and six hours, sound bars were obtained. With 
the slower rat« of heating, the specimens were at a temperature 
well above ths melting point of the bonding metal phase for a 
considerable period of time and at the final temperature for 
from two to three minutes. The specimens were then allowed to 
cool with the furnace. 

The faces of the fired bars were ground flat on a diamond 
grinding wheel to prepare them for modulus of rupture determina- 
tions. The apparatus initially used for modulus of rupture tests 
was designed in the Department of Theoretical and Applied Mechanics 
at the University of Illinois.  It is shown in Figure 3. Compen- 
nation for warpage in the bar or for- non-parallelism of the faces 
was made by movements of the knife edges. The advantages of this 
apparatus were offset by the difficulty of its adjustment and the 
time-consuming nature of the operation. A second device for modu- 
lus of rupture testing (Figure h)  was therefore constructed which 
had fever adjustments but at the same time had sufficient flexi- 
bility to compensate for minor inaccuracies. Both devices were 
mounted in a lever loading typeTinlus Olsen machine. The breaking 
span was 1.0 inches for both,  it was possible to apply load 
either by a hand crank or a variable speed electric motor but the 
hand crank was used since the slowest possible rate of mechanical 
loading seemed to be too rapid. With the hand crank, however, some 
variation in loading was unavoidable. 

One half of each bar broken in cross bending was used to 
determine bulk density by the suspended weight method. Values 
reported are therefore the averages of several determinations. 
Zylene (sp gr 0.86M-1) was used as the saturating and suspending 
medium* Saturation was accomplished by exposing a container in 
which the specimens were immersed to a partial vacuum. An analy- 
tical balance was used to make all weighings. 

One half-bar of each body was mounted in lucite for micro- 
scopic study of the structure in the as-fired condition. A second 
h* If-bar w*s crushed and ground to pass a 200 mesh screen and the 
powder x-r»yed to check the results previously obtained with cylin- 
drical specimens. 

"> 

1 
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tX* a oo*n>aratlve test of the resistance of these bars to 
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oxidation. The specimens were placed on an Inconel plate and 
exposed at DOO°F to the normal atmosphere of a small electric 
furnace.  Separate sets of specimens were oxidized at 5> 10, 15» 
20, and 60 hours.  The effects of the oxidation treatments were 
determined by visual inspections, x-ray diffraction and micro- 
scopic examination of the bodies. 

Each oxidized specimen was saved into two parts with a dia- 
nond cut off wheel. One half was crushed in a hardened steel 
nortar to pass a 200 mesh screen. The powders were x-rayed with 
the Norelco unit and the resulting patterns analyzed to deter- 
mine the products of oxidation. The cut face of the other half 
was ground flat on a diamond grinding wheel and the specimen 
mounted in lucita in preparation for polishing. 

The polishing of all fired specimens, either oxidised or 
unoxidized, was a difficult, time consuming task. Felt lap 
wheels impregnated with coarse and then fine diamond dust were 
first used. The felt ""ap was kept saturated with methanol to 
provided adequate lubrication. Some difficulty was experienced 
in this respect since if the felt was allowed to get too dry, 
both specimen and luclte mounting would get hot. Cracked and 
unsatisfactory mounts were the result. Using extreme care, 
however, polished sections could be obtained with this technique. 

The technique which was adopted involved a rough grind on 
either a lap covered with 2nO grit silicon carbide paper and 
wetted with water or on a glass plate covered with 600 mesh 
boron carbide suspended in oil.  The specimens were then trans- 
ferred to a felt covered lap wheel impregnated with a medium fine 
diamond finishing compound suspended in spindle oil. A second felt 
covered lap wheel impregnated with extra fine diamond finishing 
compound in kerosene was then used.  Rouge, on a felt covered 
v*«el, was used for a brief final polishing to emphasize the 
details of the internal structure of the body. 

t IV.  RESULTS AMD DISCUSSIOH 
I   i I 1.  X-ray Analysea 

When the ZrB2 from the two different sources was x-rayed in 
the "as received" condition, two interplanar spaclngs were obtained 
in each case which were sot listed in the "d^-soacings adopted as 
standard for this investigation.* These spaclngs were equal to 
3.0*fA and 2»39i and corresponded to peaks on the Norelco patterns 
(Figure 5) at 37.3° and '+7.8°, respectively. These peaks persisted 
in the x-ray patterns of all subsequent experimental hodis*- Tbe 

I bodies were quite diverse in composition and in many instances 
contained ingredients that would have reacted with any logical con- 
taminants to which these extra peaks could be attributed. It was 

*    Since no standard interplanar spaclngs for 2rB2 are recorded in 
the ASTK indoz the values adopted for this compound were 
obtained from the Norton Company. 
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therefore concluded that they were characteristic of the partic- 
ular stocks of ZrB2 used. They were so considered in the" anal- 
yses of all x-ray results. 

Processing Norton Co. ZrB2 by ball milling, acetic acid 
leaching, and washing with water and then methanol caused a minor 
change in the x-ray pattern (Figure 5). An additional peak 
appeared at 45.0° (2.53A) which was probably due to tungsten car- 
bide (WC) picked up from the mill and balls during grinding. Fir- 
ing this processed material without additives resulted in farther 
changes as can be seen in Figure 5. The peak at 4-5.0° disappeared 
but additional peaks appeared at 50.2° (2.28A), 54-9° (2.1C-50 and 
43.4» (2.61A). The peak at 50.2° probably was due to alpha WgC 
which was formed from the vrcs The latter two peaks did not occur 
in the patterns when ZrB2 from either company was fired "as 
received" which shows that they were not due to thermal alteration 
of some constituent in the original material. The same two peaks 
were also present in most of the patterns subsequently obtained 
for fired metal-ZrB2 combinations, regardless of the source of the 
ZrBp or the metal added. These peaks usually appeared in the same 
pattern but in isolated cases the peak for the 2.61% line occurred 
without that for the 2.10A line.  Such results Indicate the form- 
tion of a definite structure - directly due to processing and fir- 
ing - in those bodies which contained milled ZrB2.  The material 
responsible for the two extraneous lines could not be identified. 
It is probable, as will be explained later, that they are due to a 
zirconium-base material. 

The possibility that these peaks might be due to a zirconium- 
boron-oxygen compound, formed during firing from residues from the 
action of the methanol on the ZrB^. was discounted when attempts 
to produce such a coir  nd by heating different combinations of 
zirconium and boric o: ie in air did not produce a material whose 

I x-ray pattern had mate Lng peaks. 

More complex results were obtained when the fired bodies of 
the cobalt series were x-rayed. Comparison of the patterns in 
Figure 6j which are typical of this group, with those in Figure 5 
shows that several new peaks appeared* 

Study of all the patterns for this group disclosed that Zr02, 
as veil as the material responsible for the two lines 2.61 and 
2.10A, was present in all the bodies to which only cobalt had been 
added. Almost every x-ray pattern also had a moderately strong 
peak corresponding to a "d^-spacing of 1.99A.  One exception was 

j that of body D-12 which contained 80$ AFJC ZrB2. 

• The indications of the presence of elemental cobalt in those 
bodies were inconsistent, although 20, 25, and, in one special 
case, 30?b was added. Similar results were noted in an investiga- 
tion of cobalt bonded TIC in which cobalt could not be detected 
in amounts up to 30$ (Ref. 16). Wyckcff (Ref. 17) mentions that 

i cobalt may be altered by grinding so that mixed packing of cubic 

!    I 
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and hexagonal modifications results.  In this case many of the 
x-ray reflections become diffuse.  Similar conditions may have been 
encountered in this investigation. 

In addition, in the patterns of the cobalt series, peaks 
which were generally very small and which corresponded to "d"- 
spacings of 2.69, 2.33, 1.66 and l.*»6 Angstroms appeared for the 
first times. However, not every one of these appeared in every 
pattern and none of them appeared in the pattern of body D-12. 
These may indicate the presence of ZrC but this Identification is 
niade with reservations in view of tbe possibility that the lines 
may be due to a solid solution of ZrC and ZrB.  It is theorized 
that these peaks did not appear in the pattern of body D-12 because 
the firing temperature, 2830°F, of this body was below that neces- 
sary for solution, Some support is given to this theory from the 
patterns for all bodies which contained binder metals.  It was 
noted that the relative intensities of the peaks under discus- 
sion increased directly with firing temperature. 

The p'->«sibilities for the formation of a solid solution of 
ZrC-ZrB are based on the following factors. While these are 
presented during the discussion of the bodies of the cobalt series, 
the same considerations apply to all metal bonded bodies. 

The monoboride of zirconium, which was reported to have an 
x-ray pattern identical to that of ZrC, has been proposed (Ref. 8). 
ZrB is considered unstable ac room temperature in the presence of 
0*5%  or more of carbon, reverting to ZrB2 and ZrC (Ref. 8).  How- 
ever, it has been reported that the temperature dependence of the 
cubic moncborides can be 'eliminated' through small percentages of 
the parent carbide in solid solution. With about 15# b*~ weight 
ZrC in solution with Zr£; its temperature range can be -xtended to 
the melting point" (Ref. 15). 

In this investigation, the height of some of the peaks - 
which is fin indication of £he amount of the phase present - attri- 
buted to ZrC are such that it is difficult to account for enough 
carbon contamination to produce so much of the compound. But if 
ZrB was formed by a reduction of the boron content through the action 

I of the methanol, the proposed ZrC-ZrB solid solution could easily 
!       be present in amounts sufficient to produce the sizes of peaks en- 

countered. Therefore, although the **d"-spacings under discussion 
are referred to in this report as identifying ZrC, it should be kept 
in mind that this phase may be a solid solution which includes ZrB 
and ZrC, 

A special body was prepared to demonstrate that the lines 
'8    2.69, 2,61, 2*33. 2.10, 1.66 and l*k€  Angstroms could conclusively 

'       be associated with zirconium compounds.  This was composed of 20# 
C0-V.56 Bl+C-76^ Norton Co. processed ZrB2 and it was fired at 2950°F. 

i 
' The addition of h%  BtyC to the Co-ZrB2 combination was expected 

to provide an excess of boron sjo that any possible deficiency of 
this element in the processed zrB2 would be alleviated. Since it 
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wa3 known that ZrBg is more stable than either ZrB or ZrC, these 
were not expected xo  be present after the body had been fired. 
The borOE from the BtyC would react with the ZrC and ZrB to form 
ZrB2« Any boron in excess of the requirements for these conver- 
sions would react with the cobalt. 

The x-ray pattern of this body (Figure 6) showed that the 
only zirconium compounds present were ZrBo and ZK>2.  There was 
some evidence that the carbon had combined with the cobalt to form 
cobalt carbide (C03C) ana strong evidence that cobalt monoboride 
(CoB) had formed. 

The patterns (Figure 7)  of bodies D-9a and D-13, which con- 
tained Hi and Norton or AEMC 2rB2» respectively, shoved that ele- 
mental Hi, Z?B2, Zr02 and "ZrC" were present after firing. Tho 
2.10A line was present in the pattern of body D-13 (AEMC ZrB2) 
but not in that of body D-9a. Moderately strong peaks equivalent 
to *d"-spacings of 1,92A and 1.62A were also obtained for body D=13< 
Neither of these was identified with any specific compound. 

Analysis of the x-ray patterns (Figure 8) of the two chro- 
mium bonded bodies revealed the presence of Cr, ZrB2, ZrC>2 and 
"ZrC", It was noted that elemental chromium was much more strongly 
indicated in body D-ll than in D-lM- and also that body D-l*t pro- 
drced a line at 2.10A while body D-li had one at 1.991. No logi- 
cal explanation for this erratic behavior hes been developed. 

The x-ray pattern of body D-18 (Figure 9) which contained 10# 
Co-10$ Cr - 80$ AEMC ZrB2 showed that the two metals formed a 
solid solution «s was desired, This fired body also contained 
ZrC-2, "ZrC" and the same unidentified phases which had been encoun- 
tered in other bodies. 

2. Microscopic Examination ! 
i 

Photomicrographs of all compositions at 100X, as shown in j 
Figures 10 through 17, were made to compare their porosities. The 
photomicrographs are somewhat misleading since an unidentified 
solid phase cannot readily be differentiated from the actual voids. 
This condition is exemplified by cobalt bonded body D-12 which 

\ V shows (Figure 13) a large number of dark areas and, apparently, a 
high porosity. Examination of the same body at 1000X (Figure 21) 

* showed that most of the black areas were a solid phase of glass- 
like texture and color. Chromium bonded bodies contained the least 
amounts of this unidentified phase. For example, the dark areas 
.shown in Figure 12 (chromium bended Zr3?) are voids while those in 

il        Figure 13 (cobalt bonded ZrB2) are ft mixture of voids and the uni- 
dentified phase. 

Body D-ll, chromium bonded ZrBo, had an unusual fired structure 
which may be seen in Figure 12. Within the body were small granules 
separated from the matrix. They were the result of incomplete 
breaking up of the cako of the freshly ground body mixture during 
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the granulating process. This left small, hard nodules composed 
of particles in very intimate contact by virtue of the settling 
action of the solids during the evaporation of the methanol. 
Forming pressures were not high enough to crush them and the loose 
powder surrounding them was not compacted to an equivalent dens- 
ity. When fired there was a differential shrinkage sufficient to 
separate the nodules froE the matrix.  The internal cracks so 
introduced had a detrimental effect on the modulus of rupture as 
may be seen from the results summarized in Table III. 

Microscopic examination of all of the bodies at 100CX 
revealed several general characteristics. The structure of all 
bodies consisted of a continuous ZrB2 skeleton filled in with 
the binder metal.  There appeared to be very little difference in 
the structure of the Zr?2 from the two different sources. 

Growth of the ZrB? grains was evident in every case. As can 
be seen from the photomicrographs in Figures 18 through 25, the 
structures of the skeletons and of the individual grains varied 
depending upon the metal used. Cobalt promoted the formation of 
large, well rounded grains. When nickel was used$ the ZrB2 grains 
were smaller and possibly slightly more angular* With chromium, 
the grain size of the diboride was similar to that in the nickel 
bodies but the grains were more angular and tacked together at 
edges and ends to form the skeleton. Also, the skeleton appeared 
to be more continuous* The most prominent example of grain grovth 
occurred in the cobalt-chromium bonded body D-18 (Figure 25). 

It is possible that grain growth was affected by the degree 
of fluidity of the metal during the maturing fire. The firing 
temperatures used approached the melting point of chromium bat 
were 200°F or more above the melting point of cobalt. 

An unidentified phase, dark brown to black in color and with 
j        a vitreous luster, was present to some extent in every body.  Some 

grains were semi-transparent. When observed in its various forms, 
!        the term "glass-like" seemed to aptly describe this phase.  It was 

not affected by long immersion in hot water and the HF-HNCH-CHiOH 
etching solution attacked it onlv to about the same decree as 5.t 

j        did the ZrB2* Though visually strongly resembling a glass, some 
hesitancy was felt in positively identifying it as such since the 

I .       formation of a highly stable glass from materials available in the 
experimental compositions seemed unlikely.  This phase appeared in 

i        the largest amounts in cobalt bonded bodies and to the least extent 
I in chromium bonded bodies. 

\ The photomicrographs of the etched specimens show a rather 
I interesting characteristic of the ZrB2 itself. Many of the grains 
? shov raised portions which might be described as plateaus.  Since 
' careful inspection of individual grains in the unetched state had 
| not revealed any evidence of discontinuities corresponding to those 
* plateaus, it was concluded that this condition is due to preferen- 
|       tlal etching* 
i 
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The microscopic studies did not effectively differentiate 
between the various phases which the x-ray analyses indicated 
were present. Cobalt was revealed whereas in the x-r&y analyses 
there was no very strong indication of its presence* Solution 
effects were evident in the cobalt and cobalts-chromium bonded 
bodies through the growth and rounding of the grains. The Zr02, 
not found in microscopic studies, was probably due to oxygen 
adsorbed during milling and was therefore well dispersed. The 
clusters of a gray material noted in many bodies might possibly 
be the "ZrC" phase shown in x-ray patterns. 

3. Physical Properties and Sintering Characteristics 

The physical properties determined for the ZrB2 bese cermets 
are given in Table III. The procedures used in body preparation 
are given in Table II. 

Data for the cobalt bonded series (Bodies D-l through D-7b) 
show uhe beneficial effects derived from acid leaching and mechan- 
ical mixing of bodies containing Norton Co. ZrB2» The addition 
of zirconium, either as the element or as ZrHp, did not improve 
tte sintering characteristics of cobalt bonded compositions. 

The densities of the different metal bonded bodies except 
those bonded with chromium did not closely approach the theoret- 
ical densities for such compositions. Bodies containing Norton 
Co. ZrBo had, except in the case where chromium was added, consis- 
tently higher densities than their A£WC ZrB2 counterparts. 

The substitution of 10 per cent chromium for cobalt in Body 
D-l8 did not produce any change in physical properties from those 
of the comparable cobalt body. This substitution, however, was 
made in an attempt to Increase the oxidation resistance rather than 
to produce anj decided change in other physical properties. Simul- 
taneously reducing the cobalt content and increasing the firing 
temperature of the Co-AEMC ZrB2 series (Body D-17) likewise did not 
effect ssuch chance. 

The x-ray analyses showed, in all cases, the presence of con- 
siderable extraneous material. 

In general, all bodies were quite porous. Body properties 
could probably be Improved by changes in processing techniques 
provided the reasons for the alteration of constituents during 
firing were clearly understood. 

The modulus of rupture values listed in Table III are quite 
low when compared to values reported for some of the more highly 
developed TIC base cermets. However, due to lack of standardi- 
zation in specimen size and breaking span, the results are not 
necessarily directly comparable. 

Of all bodies tested, those bonded with chromium were the 
strongest. The nodular nature of body D-ll (Figure 12) as com- 
pared to body D-lk  (Figure 15) explains the difference in strength 
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of the two bodies. The nodular structure of body D-ll vlth 
voids around the nodules and the reasons for this condition have 
already been discussed. Both bodies were fired to 3275°F, the 
Halt of the furnace. An increase in the firing temperature to 
about 3^O0oF would probably produce an Increase in strength 
through a better bonded body. 

There appears to be a relationship between the strength of 
the various bodies and the amount of "glass-like" phase present. 
Those with the greatest amount of this phase had the lowest 
strength. 

ho    Oxidation Tests 

The results of the comparative oxidation tests are shewn in 
Figures 26, 27 and 28 and in the x-ray patterns shown in Figures 
6, 7, 8 and 9. 

The compositions containing cobalt, nickel, and cobalt plus 
chromium oxidized badly during 60 hours of heating at 2000°F in 
still air. The chromium bonded bodies were more resistant to 
oxidation but in all case* the reaction was so great that weight 
change data were not taken. 

A glass of high BgOj content was quickly formed on the surface 
of the cobalt bonded specimens. As oxidation progressed, the 
glassy phase seemed to be concentrated at- the oxidized-unoxidized 
interface as it moved progressively into the body. This left a 
porous surface layer composed principally of Zr02 but containing 
some 000*00203. 

The nickel bonded bodies had reacted severely after 5 hours 
heating. The porous nature of tb<> bodies may have permitted rapid 
penetration of oxygens X-ray patterns of the oxidized surfaces 
did not, in general, contain peaks 2or  the original constituents 
or of any of the anticipated products of oxidation. Body D-9&, 
however, was found (Figure 7) to contain appreciable amounts of 
ZrCg after the 60 hours of heating in air at 2C0C°F. 

The reaction products constituted weak, porous layers which 
could be separated with ease from the specimens. 

Visual examination of the specimens bonded with the cobalt- 
chromium combination was misleading since there appeared to only 
slight surface oxidation. Sectioning of the specimens, however, 

,j revealed deep penetrati n. The x-r&y analysis showed a breakdown 
of the Co«Cr solid solution with chromium being detected but not 
cobalt* 

The chromium bodies, as was noted, were the most resistant to 
oxidation. It is probable that a surface layer composed of the 
oxides of chromium, zirconium and boron was forced in such propor- 
tions that it did not become fluid at 2000°F but fused sufficiently 

i 
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to form a protective barrier. 

In. all cases, the principal oxidation product was Zr02. The 
large quantities present are indicative of the poor oxidation 
resistance of 2rB2. Only chromium showed an indication of pro- 
ducing sintered bodies which had appreciable oxidation resi5tf»r>ee 
at 2000OF* 

V. SUMMARY 

When zirconium diboride was milled in methanol, a reaction 
occurred which yielded a product having a very high vapor pres- 
sure.  The product of this reaction may be either trimethylborine 
or Methyl borate. X-ray patterns of such ZrB2 samples fired 
without metal additives indicated that a new but unidentified 
phase had been developed. This could possibly have been a 
zirconium compound. No detrimental effects could be directly attri- 
buted to the reaction or to the new phase developed. 

Benzene, when substituted for methanol as the mall fluid, did 
not appear to react with the ZrE2 but resulting bodies had poorer 
oxidation resistance than those containing ZrB2 milled in methanol. 
Leaching Norton Co* ZrB2 in acetic acid to remove iron produced 
beneficial results when the leached material was used in metal- 
ZrB2 bodies. 

Zirconium diboride was bonded by additions of 20 per cent by 
weight of cobalt, nickel, and chromium, or a mixture of ten per 
cert cobalt and ten per cent chromium by firing in an argon atmo- 
sphere at temperatures equal to or above the melting points of 
the respective metals. All bodies consisted of a continuous ZrB2 
skeleton filled in with the bonding metal. In all cases the ZrB2 
underwent considerable grain growth. The cobalt bearing bodies 
developed the largest grains. The degree of grain growth appeared 
to be affected by the fluidity of the metals present* Bodies 
fired at or near the melting point of the binder metal exhibited 
sintering with but little grain growth whereas bodies fired at 

v temperatures appreciably above the melting point of the binder 
metals showed considerable grain growth. 

j 

1 & No particular advantage was found in using high purity ZrB2 
nor were uny radical structural differences noted for comparable 
bodies containing ZrB2 from the two sources. 

The zirconium diboride cermets developed a phase during 
« & >       firing which was conditionally identified as ZrC on the basis of 
\ the x-ray analyses. Data showing that this phase may have been 

a solid solution of ZrC and ZrB vere presented. Some inconsis- 
tencies in the x-ray results were noted; in isolated cases, "d*- 
spacings could not positively be assigned to specific compounds. 

i 

i 
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Many of the fired compositions contained an unidentified 
"glass-like*" phase. The amount of this material varied with coin- 
position, and it was most prevalent, as determined optically, in 
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bodies containing cobalt. Some correlation between the amount of 
this phase and the modulus of rupture seemed to exist. 

No evidence of the borides of the bonding metals wa3 found by 
x-ray analyses of the fired metal - ZrB2 combinations. When BI4.C 
was deliberately added, borides of the bonding metal were easily 
detected. 

Cobalt was shovn by microscopic techniques to be present in 
Co-ZrBo bodies. The weak indication of Co by x-rays may be ex- 
plained by Wyckoff's mixed packing theory. Chromium and nickel 
were found by both techniques. 

The bodies tested had only moderate transverse strength* 
The physical properties of the bodies could probably be improved 
by changes in processing techniques which would be contingent upon 
an understanding of the reason for the appearance of new phases 
and their subsequent elimination. 

The resistance to oxidation was toolow for these bodies to 
be seriously considered for use at 2000°? in oxidizing atmospheres. 

KADC TR 5^-19^ 16 

..  . 

• 



i 

1 

VI.  REFERENCES 

i.  R. A. Jonas, "High Temperature Materials for Aircraft Power 
Plants", Technical Data Digest iJt U3)> 15-21, July 1, 19^9. 

2. James J. Gangler, Chester F. Robards, and James E. McNutt. 
"Physical Properties at Elevated Temperatures of Seven Hot 
Pressed Ceramics", NACA Technical Note 1911, July 19^9. 

3.  James J. Gangler, "Some Physical Properties of Sight Refrac- 
tory Oxides and Carbides;", J. Am. C^rtm. £JC. V*, 3©7-37^ 
(1950). 

V.  H, Blumenthal, et*al., "Cemented Borides", (Contract N6-0NR- 
256, American Electro Metal Corporation), March 1, 1951. 

5. Hoffman, Charles A., "Preliminary Investigation of Zirconium 
Boride Ceramals for Gas Turbine Blade Applications", NACA 
Research Memorandum E52Ll5a (1953). 

6. F> W. Glaser, et.al.. "Cemented Boridej" (Contract N6-0NR- 
256/1, American Electro Metal Corporation), M+, May 1, 1953. 

7. "Cemented Borides", (Contract N6-0NR-256, American Electro 
Metal Corporation), February 1, 19**9. 

8. F. V. Glaser and Benjamin Post, "The System Zr-B, Cemented 
Borides". (Contract N6-0NR-256/1. American Electro Metal 

j Corporation), 39-^3, May 1, 1953^ 

! 9. John T. Norton, H. Blumenthal and S. J. Sindeband, "Structure 
of Diborides of Titanium, Zirconium, Columbium, Tantaluir. and 
Vanadium", Trans. AIME, 18£, ?V9-751 (19^9). 

j 

10. Roland Kiessling, "The Binary System Zirconium-Boron", Acta* 
i               Chem. Scand., 2, (19**9). 
i £ 

11. H. Blumenthal, et.al., "Cemented Borides", (Contract N6-0NR- 
256, American Electro Metal Corporation), W5, October 1951' 

12. W. H* Rice, W. H. Earhart and N. R. Thieike, "Refractory Mate- 
} rials for use in High Temperature Areas of Aircraft", Penn- 

sylvania State College Memorandum Report No. 19.  (AF Contract 
1 33(616)-139), June 16, 1953. 

13. Encyclopedia of Chemical Technology. £, 589, Interscience 

l*f. 
i I 

Encyclopedia of Chemical Technolo 
Publishers, Inc., New York, 19*8. 

J. H. Reedy. Theoretical Qualitative Analysis. 37^, MeGraw- 
Hill Book Company, Inc., New York and London (1938). 

WADC TR &-!&• 17 

« 
• : 



i 
• 

« 
"« 
1 
1 
i 
• 

\ 
i 

! 
r 

i 
•   ' 

! 
; 
i 

BEFEEENCES (Cent.) 

15. Paul Schwerskopi' and Frank Glaser, "Structural and Chemical 
Characteristics of ihe Borides of the Fourth, Fifth and 
Sixth Grout). Cemented Borides", (Contract N6-0NR-256/1, 
AKMC), 77-9$. May 1, 1953. 

16. "Diffusion of Iron, Mekel and Cobalt into Hot-Pressed 
Titanium Carbide", WADC Technical Report 53-1 App 1, Jan. 
1953. 

17. Wyckoff, R.W.G., Crystal Structure i, h,  Intericience Pub- 
lishers, S.T. (19WH 

WADC TR 5^f-19^ IB 

- 



I 
" 

..'•- 

4> 
C 
a 
P. 

9 
< 

0) 
o c 

n 
& as 

o 
o 
c 
« 

60 

5-. 

2) 
• 

WADC  TH  5V-19V 19 
i 

• 



« 
ta m 

H-H-O 
<a o « 
.C OH o     o c o 
<b it v 
OP 

fc. CP 

01 
4) 
TJ 
O 
U 
P o 
rH « 

<D  ** 
r-t  O 
O a 
O fi 
O  O 

V; 
*-! •» m\   o 
p « 

<a 
e» 

•g o 
9 

a?? © 

60P 
« S3 £ 
«•* C 

U,r-i  63 
Bt T1 3) 
SCJIH 

W 
O 

& 

«-»8 r-1 P. 
« « « P. 
OP~« =« 
rlT4H« 
£ U * at a> toe 
.a-H o o 
*! 

a) ^S O T3 • Vi »43 *H "->,* r-t 

I 
>» 

•a 
O 
c 

p 

£ 

o 

WADC TR 5^-19^ 20 



* 

I  . -" 
I 
;• 

« a 
tx 

"3 
S 
>» 
a) 

9 

•a 

s 

o c 
a) 

OS 

a> 
+» 
w 

CM 

J5 
M 

WADC TR 5^-19^ 

I 

u_  



1 

;• 

XX 
o 

u 

u 
hr-i 

|S 
u      •»     n-i 
o*»«     > 
Vi T-j jQ o to 
• s» o <a 
a O**-H c 
4hv<l<H 
»4  --f   »   *   * 
HOMO* 

Mr-i       H Cl 

I 
•»   • 

• *> • P. 
i-t o o-m p. 

H4->+> g 
s • P. 
+» M c u a 

P.i-» ft o 
O«H • «d 

^.MJJHn 

C 
o 
£t       rH « 
ft        •'O 

B « • 
• »     *4 
grass 

« M MO O 

o+* XS ««4 
»0 at t»*>T( 
h «<H Ri as 

«J3 O-O 

P 
8 
P. 

& 

I 
1 

1 
60 

o 

8 
u 
to 

CM 

WADC  In  ?*-19^ 22 

i 
• •- 



i 

m 

P. 

m 
4> 

M 

G 

B 

4> 

WADC  TR 5^-19^ 23 

. 



WADC  TR 5l+-19l+ 2»f 

»I->I t.. 

..  •• 



I 

! 
\ 

- 
4 

! I 
i 

X-ray Diffraction Pattsrns of Zirconium Diboride 
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Figure 6. - X-rey Diffraction Patterns of Zirconium Dibcride - Cobalt Bodies 
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Figure ?• - X-r*y Diffraction Patter&i of ZlrcoeiUB Dlboride - Nickel Bodies 
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Body D-7a     Density 6.5Vg/cc 
2900°F 
20$ Co-8055 Morton Co. ZrB2 

Fig. 10 
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Body D-ll     Density 6 U0g/cc 
32?5°F 
20$ Cr-8o£ Norton Co. ZrB2 

Fig. 12 

Photomicrographs showing the porosity 
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Body D-9a     Density 6.05g/ce 
3100°F 
205S  Ni-8C# Norton Co.   ZrB2 

Fig.   11 
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Density 5.U8g/cc Bocly 0-12 
2900°F 
20?' Co-8o# AEMC ZrB2 

Fig. 13 

of the fired specimens 100X 
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Body D-13 
•J100°F 
20%  Ni-80% AEMC  ZrB2 

Fig. l»f 
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Body D-lV       Density 6.38g/cc 
3275°F 
20% Cr-80% AEMC ZrB2 

Fig. 15 
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Density 5.63g/ce Body D-17 
3060°F 
155? Co-85JS AEMC ZrB2 

Fig.   16 

Photomicrographs showing the poiosity 
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Body D-18   Density 5.95g/cc 
3275°F 
10% Co-lC5* Cr-80% AEMC ZrB2 

Fig. 17 

of the fired specimens. 100X 
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Unetched b. Etched 5 minutes in a solu- 
tion of h parts W8# HF, 2 
parts cone, HNO3 plus 91* 
parts methanol. 

Rounded grains are ZrB2 which show considerable grain growth. 
•The light areas around the grains are cobalt. The black areas are 
a glassy material. 

Fig. 18 Fhotcmicrograph of polished section of body D-7*. - 20J6 
cobalt, 80? Norton Co. ZrBo fired at 2900°F in argon. 
1000X 
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:ifc • 1 

£^^f^% • *^ 
a.     tfnetched 

W • aw   m. ^aat 
b. Etched 5 minutes ii a solu- 

tion of h  parts U8JS KF, 2 
parts cone. HNO3 plus 9^ 
parts methe*sol. 

Light grey grains are ZrB2 which show slight grain growth. The 
dark grey grains are ZrC. The black areas are a glassy material. 

Fig. 19 Photomicrograph of polished section of body i>9a - 20$ 
nickel, 80% Norton Co. ZrBo - fired at 3100°F in argon. 
10C0X 
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a.    Unetched b. Etched 5 minutes in a solu- 
tion of h  parts hS%  HF, 2 
parts cone. HNO3 plus 91*- 
parts methanol. 

The whitish grains are ZrB2 which shows considerable grain growth. 
The background material is chromium. The gray grains are ZrC.  The 
black areas .are a glassy material. 

Fig. 20 Photomicrograph of polished section of body D-ll - 20$ 
chromium, 80>  Norton Co. ZrB2 - fired at 3275°F in argon. 
1000X 

b. Etched 5 minutes in a solu- 
tion of h  parts hS%  HF, 2 
P<»rf e    r\r\rtr*       HWH.     rt'lno    Olx 

parts methanol. 

Light area is ZrE2 ^
n a njatrix of cobalt.  Black areas are a 

glassy phase. 

Fig. 21 Photomicrograph of polished section of body D-12 - 20# 
cobalt, 80% /...EMC ZrB2 fired at, 2930°F in argon. 1C00X 
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a. unetched b. Etched 5 minutes in a solu- 
tion of h  parts W8% HF, 2 
parts cone. HNCK plus 91* 
parts methanol. 

The light colored grains are ZrB2 in a matrix c'  nickel. The 
grey grains are ZrC. The black areas are a glassy phase. 

Fig. 22 Photomicrograph of polished section of body D-13 - 20f 
nickel, 80% AE'.O ZrB2 fired at 3100°F in argon. lOOCX 

1' 

» 

4 MAN*. ..•  ^.      ft.   i     m-t 

a. Unetched b. Etched 5 minutes in a solu- 
tion of h  parts 1+8% HP, 2 
parts cone, HNC^ pius 9*+ 

I parts methanol. 

«  i 1 Light colored grains are ZrB? in a matrix of chromium. The 
•  "I     grey grains are ZrC. The black areas are a glacsy phase. 

!        Fig. 23 Photomicrograph of polished section of body D-lW - 20% 
chromium 80% AEMC ZrB2 fired at 32?5°F in argon. 1CO0X 
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C 
a* Uhetched b. Etched 5 minutes in a solu- 

tion of \  parts ^%%  HF, 2 
parts cone. HNO3 plus yh 
parts raethanoi. 

Light colored grains are ZrB2 in a matrix f cobalt. Black 
areas are a glassy phase. The grey grains are ZrC. 

Fig. 2h    Photomicrograph of polished section of body D-17 - 15# 
cobalt, 8556 &FJMC ZrB2 fired at 306G°F in argon. 1000X 
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f ;^i X 
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«< to- * 

i'^-^taa^i*; 

Unetched 

» *   f» • x 
A"*  -^* 

b. Etched 5 minutes in a solu- 
tion of h  parts V8£ HF, 2 

ou p«.rts cone. HNOo plus 9 
parts methanoi. 

Light colored grains are ZrB2 which shows appreciable growth 
and coalescensfc. The matrix material is an alloy of cobalt and 
chromium.  The grey grains are ZrC. The black area? are a glassy 
phase* 

Fig. 25 Photomicrograph of polished section of body D-18 - 10$ 
cobalt, 10% chromium, 80* AEKC ZrB2 fired ,it 32?5°F in 
argon, 1000X 
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Surface of the specimen fired 
in argon at 2900°F. Dark 
area is the result of diamond 
grinding. 

7X 

b, Surface of bar (a) after 5 hrs. 
at 2000°F in air.    3how*  large 
arfe«5 Ox  KitiSs foriuatxor. 
White powdery material is Zr02< 

7X 

Section through bar (a) after 
60 hours at 2000t,F in sir- 
Shows uncxidlzed material in 
the oxidized layer. 

70X 

Figure 26 Photomicrographs of Body D-7a - 80$ Norton Co. ZrB2 plus 
20$ Co - showing the effects of oxiiation at 2000°F5 
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Surface of the specimen fired 
in argon at 3275°F. 

aSsoa^-u.:..,. 7X 

HE 

t 

i 

fc. 

-(jifri',-f.y •  . A'. 

Surface of the teat specimen 
(a) after 60 houra at 2000°F 
in air. 

7X 

Section through the teat 
specimen (b) shoving the oxi- 
dised layer, *one of reaction 
and the oain body. 

70X 

Figure 27 Photomicrographs of body D-ll - BO%  Norton Go* ZrBo pl«s 
205? Cr showing the effects of oxidation at 2000° F. 
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a. Surface of the specimen fired 
in argon at 3275°F. 

7X 

1 ! 

b. surface of the t«st specimen 
(a) after 60 hours at 2000'F 
in air. 

7X 

Section through the test 
specimen (b) shoving the zone 
of oxidation and the exten- 
sive oxide layer- 

?0X 

Figure 28 PhotomicrograDhs of body D-i8 - 80# AEMC ZrB2, 10%  Co plus 
10% Cr showing the effects of oxidation at 2000°F« 
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table I. - Properties of Constituents of Metal Bonded Zircc- 
*\iv>•  Diboride Bodies 

Material 

ZrB.U> 2 

ZrB? 

Co 

Cr 

Supplier Purity 

Norton Co. 96(2 

American Electro 
Metals 

99 

A. D. Mackay 99 

A. D, Mackay 99 

A. D. Mackay 99 

Particle size 
as received 

**0 microns arid finer 

2-\  microns avwr 5® 

9--1W microns 

300 mesh 

*t0 microns and finer 

(1) Lot So. D-12, 185 

Zr - 78.Mfj6 

B - 18.7^ 

C - 0.*f6 

Pe - CA2 

(2) Estimated from chemical 
analysis. This material 
contains boron in excess 
of that required for the 
Zr present. 
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